and product phases were examined with a 200-kV JEOL-2010 TEM. 8. Electron microprobe analysis of the recovered samples revealed that small, iron-rich grains (less than 10 m) with olivine stoichiometry exist within the reaction rim especially near the surface. The Mg/(Mg ϩ Fe) ratios in these iron-rich grains range from about 81 to 85. This suggests that the iron-rich grains are ringwoodite, and the transformation occurred in the coexisting field of wadsleyite and ringwoodite at lower temperature before the desired value was reached. 9. F. Guyot, G. D. Gwamnesia, R. C. Liebermann, Geophys.
Infrared wavelength observations of Io by the Galileo spacecraft show that at least 12 different vents are erupting lavas that are probably hotter than the highest temperature basaltic eruptions on Earth today. In at least one case, the eruption near Pillan Patera, two independent instruments on Galileo show that the lava temperature must have exceeded 1700 kelvin and may have reached 2000 kelvin. The most likely explanation is that these lavas are ultramafic (magnesium-rich) silicates, and this idea is supported by the tentative identification of magnesium-rich orthopyroxene in lava flows associated with these high-temperature hot spots.
After the Voyager spacecraft flybys of the Jupiter system in 1979, many investigators thought that the active volcanism on Io was dominated by sulfur-rich lavas, although silicate magmas at depth may have initially melted these lavas (1) . The highest temperatures estimated from Voyager were ϳ650 K (2), consistent with sulfur volcanism, but Voyager could not detect small areas at higher temperatures because of limitations in sensitivity and wavelength coverage. Groundbased telescopic observations in 1986 provided observations of a temperature exceeding 900 K, suggesting at least occasional eruptions of silicate lavas (3) . Recent Earth-based and Galileo observations have shown that such high-temperature hot spots are actually common on Io (4, 5) . Thirty locations with temperatures higher than 700 K were identified during the Galileo tour in 1996 to 1997; most of these probably include areas with temperatures higher than 1000 K (6) . These temperatures are well above the boiling point for elemental S in a near vacuum (7) , so silicate eruptions are now thought to be a fundamental part of Io's active volcanism (8) .
We report principally on observations of Io in eclipse (in Jupiter's shadow; see Fig. 1 ) by the Galileo Solid State Imaging (SSI) experiment (9) . SSI has observed Io during 11 eclipses in the first 11 orbits, including observations through the broadband clear filter and six color filters with effective wavelengths from 0.42 to 0.99 m. These images revealed (i) small bright spots in the clear and 1MC (ϳ0.99 m) bandpasses that are due to high-temperature hot spots and (ii) faint diffuse glows due to electronic excitation of gases around the limb and near active vents in the clear and visible bandpasses (5, 6, 10) . The actual area of each hot spot (typically Image is color coded with blueyellow-red representing increasing brightness. This image is a "raw" spacecraft frame, with no processing other than color coding and labels, to illustrate several characteristics of the data. The left-hand image was acquired through the 1MC bandpass and the right-hand image is dominated by the clear-filter exposure (plus 1MC exposure). The scale is 14.6 km/pixel, but each hot spot is smeared over an area about nine pixels in diameter. Temperature-area modeling (Table 2) indicates that the actual hot areas are much smaller than the pixels. Diffuse glows from electronic excitation of gases highlight Io's limb and active plumes such as Marduk in the clear-filter image. Small bright pixels and clusters of pixels are noise from radiation hits. The horizontal line between Pillan positions is due to 1MC exposure during scan platform motion. The bright vertical lines are due to column blemishes, and the blockiness at low brightness levels is due to data compression (9).
Ͻ0.01 km
2 ) is much smaller than the 11-to 33-km size of each picture element (pixel), but the hot spot signal is smeared over areas ranging from 3 to 29 pixels long because of spacecraft motion during the 0.27-to 25.6-s exposures (Fig. 1) .
To estimate temperatures, we used the ratio of the intensities of the clear (0.4 to 1.05 m) and 1MC (0.968 to 1.05 m) bandpass images. Such pairs of images were acquired during five eclipses ( Table 1 ). The bandpasses have broad and complex spectral responses, so we cannot determine radiance at any particular wavelength. Instead, we used our knowledge of the calibration of the SSI instrument (9) to calculate its response (in electrons per pixel) as a function of blackbody temperature for each bandpass. The ratio of clear and 1MC intensities is a function of temperature (Fig. 2) . The intensities of each hot spot and their calculated areas and temperatures are listed in Table 2 . The detailed calculations and error estimates are available on the World Wide Web (11) .
The uncertainties listed in Table 2 come from several sources. The eclipse images are generally noisy ( Fig. 1 ) because of the intense radiation environment near Jupiter and the long exposure times and high gain states of the images. The most intense radiation "hits" are usually easily recognized because they form bright pixels or streaks without the smear pattern of the hot spots and stars, and these noise spikes are removed or avoided in the measurements. Nonthermal emissions also contribute to the SSI clear-filter images. We saw diffuse glows at the limb and over plumes, because of materials above the surface. Although these diffuse glows are often an order of magnitude fainter than the hot spots and are much more extended, it is possible, in principle, that gas concentrated over vents contributes substantially to the intensities. Nonthermal processes such as lightning in plumes might also occur. However, our thermal interpretation of these emissions is supported by several arguments. First, we saw the diffuse glows, but not the hot spots, in the eclipse images acquired through three short-wavelength color filters in orbit G7, suggesting that diffuse glows are not, at least in these cases, associated directly with bright areas we interpret to be hot spots. Second, there is evidence for temperatures Ͼ1500 K from observations at wavelengths longer than 1 m, such as telescopic observations (12), and Galileo's Near Infrared Mapping Spectrometer (NIMS) (13, 14) . These temperatures are based on observations acquired over wavelengths from 0.7 to 5.0 m, so they do not appear to be due to unusual emissions at a few discrete wavelengths. Third, the bright spots seen in eclipse occur near features known to be volcanically active from observations of plumes and surface changes (5, 6) . Fourth, there is a one-to-one correspondence between hot spots and low-albedo materials, which often have morphologies consistent with lava flows (5, 6) . Nevertheless, noise may be a substantial source of error to temperature estimates on faint spots. The error on the mean intensity for each spot is given in Table 2 . Minimum and maximum temperatures were derived from 1 errors with the error propagation on a ratio (15) , except in the special case of Pillan in C9.
The most impressive and convincing high-temperature eruption was near Pillan Patera in orbit C9 (Fig. 1) . The C9 eclipse observation experienced some complications, which turned out to be fortuitous for the temperature estimation. The image was an on-chip mosaic, in which the 1MC and clear exposures were acquired on the same frame. However, an error in the sequencing commands resulted in movement of the scan platform from the 1MC position to the clear position during the 1MC exposure. As a result, instead of a 25.6-s 1MC image on the left-hand side of the frame and a 6.4-s clear image on the right, we acquired a 13.8-s 1MC image on the left, 4 s of 1MC exposure while moving between positions, and 7.75 s of 1MC exposure at the clear position, followed by the 6.4-s clear exposure. A horizontal line connecting the Pillan hot spot images resulted from the 4-s 1MC exposure while moving. To estimate the clear intensities, we had to first subtract the 1MC intensity added to the clear-filter image. Pillan is the brightest hot spot on the disk and is saturated in both the 1MC and clear ϩ 1MC images. Ordinarily such saturation would preclude accurate measurement of the intensities. However, we were able to measure the 1MC intensity from the unsaturated horizontal line at 24.7 Ϯ 3.66 electrons/s. In the clear image, the pixels are not just saturated, but two columns are "bleeding." Bleeding occurs when a pixel exceeds full well (100,000 to 120,000 electrons), so the excess electrons leak down the column (9) 6 electrons/s through the clear filter. The minimum and maximum clear/1MC ratios (including adding and subtracting the potential 1MC error due to noise) are 13.4 and 45.4, corresponding to brightness temperatures of 1500 and 2600 K, respectively.
Additional evidence for these high temperatures comes from Galileo NIMS (13) . Analysis of NIMS nighttime spectra of Io shows an especially high-temperature component, at least 1475 K, in several hot spots (14) . The PillanPele region was detected by NIMS in orbit C9 at low resolution (725 km/pixel), so the Pillan and Pele hot spots fall within a single NIMS pixel. Analysis of the nighttime spectrum with a two-component fit yields temperature and area models of 700 K (125 km 2 ) and 1450 K (1.1 km 2 ) but does not fit the spectrum well at the shorter wavelengths. The fit is improved by adding a third, hotter component (Fig. 3) ) for Pele and Pillan combined. Projected areas have been corrected for the viewing geometry, and errors for these fits are Ϯ25 K and Ϯ10% area. The 1825-K area (0.11 km 2 for Pillan and Pele) exceeds that derived from the SSI data, which gives 0.03 km 2 at 1825 K for Pillan alone. The NIMS and SSI observations were collected only 7 to 9 min apart, so the activity at Pillan changed over just a few minutes or Pele must also have a substantial area at these high temperatures.
IR brightness temperatures of 1500 to 1800 K imply liquid lava temperatures of at least 1700 to 2000 K because of the rapid cooling of lava surfaces (16) , and our data do not preclude liquid temperatures hundreds of degrees higher. However, the hottest lavas that are common on Earth and the other terrestrial planets, basalts, are typically erupted at only 1300 to 1450 K (17). The hottest ancient terrestrial lavas, called komatiites (ultramafic lavas rich in magnesium), were erupted at 1700 to 1900 K (18) , and the hottest lunar lavas (the orange and green glasses) were produced at about 1700 K (19) .
Given our limited knowledge of the chemistry and structure of the interior of Io, any attempt to explain why such hot lavas are common on Io is necessarily speculative. However, the high lava temperatures Table 2 . Temperature-area models for SSI eclipse observations of Io. I CLR and I 1MC are the intensities of each hot spot in the CLR and 1MC bandpass images. Uncertainties in these intensities and their ratio are listed in parentheses. Temperatures were estimated from the ratio through the curve in Fig. 2 . Areas were computed by matching the CLR bandpass intensity to the predicted response of the SSI camera to a blackbody at the appropriate temperature and viewing geometry [see (11) *The Pillan observation in orbit C9 is unusual (see text). †1825 K was chosen as best temperature for Pillan in C9 on the basis of fit to NIMS spectrum (Fig. 3) . (34) . Also shown is the spectrum for an enstatite (orthopyroxene) with 5% FeO (35) convolved to the SSI bandpasses and vertically scaled to place it between the Kanehekili and Amaterasu spectra.
may be a result of (i) the lava being heated far above its thermodynamic equilibrium temperature (that is, superheated) or (ii) the lava having a composition that has a high melting temperature.
On Earth, superheated lavas form when magma rises rapidly from depth and the adiabatic temperature gradient is less than the slope of the liquidus of the magma (20) . For a dry basaltic liquid (with a melting temperature of ϳ1500 K at low pressure) to reach the surface of Io at 1700 to 2000 K, it must have been generated at a depth of 300 to 800 km (1.5 to 4 GPa) and then risen with no substantial heat loss. The intense tidal heating of Io also allows for the possibility of superheated lavas originating from shallower depths. If the tidal heating within a magma chamber is fast enough, the heat may go into raising the temperature of the liquid instead of melting the surrounding rocks. Tidal heating is likely to be concentrated near the lithosphere-asthenosphere boundary (21), a reasonable location for magma chambers to form by stalling at a density or rheological boundary (22) . The difficulty in producing lavas superheated by hundreds of degrees is that such a large temperature contrast between the magma and its surroundings should result in rapid heat loss.
It is more likely that the lavas have a high melting temperature. Although a few isolated cases of high-temperature volcanism might be attributed to some rare, exotic composition such as metal sulfides, it is difficult to call on such an explanation for the large number of observed hot spots. Instead, given that Io's density is consistent with a silicate body broadly similar to other rocky bodies in our solar system (23), high-magnesium (ultramafic) silicates would be the most likely composition. Two models for Io's interior have different implications for the lava compositions.
One option is for the lavas to be produced by large degrees of partial melting (ϳ40%) of a mantle that has undergone little differentiation after separation of an iron-rich core. This model is directly analogous to the formation of komatiites on Earth during the Archean and suggests that Io's interior is similar to that of early Earth (24). Io's mantle might have retained such a primitive composition if the vigorous volcanic activity continuously recycles the lithosphere back into the mantle (25) .
The alternative is that the volcanic activity has strongly differentiated Io. Geochemical modeling of such differentiation predicts a ϳ50-km-thick, low-density crust rich in alkali elements, silica, and aluminum and a mantle rich in magnesium, iron, and calcium (26) . The mantle could be further separated into a less dense, magnesium-rich upper part and a denser, iron-and calcium-rich section (26) . Melts from this hypothetical upper mantle could have temperatures up to ϳ2100 K, several hundred degrees higher than those of komatiites.
The primitive and differentiated models of Io represent end-members, and the truth may lie somewhere in between. There are observations to support each model. The presence of an alkali-and silica-rich crust is supported by several observations: (i) the presence of sodium and potassium clouds around Io (27) , (ii) a 1.25-m absorption band consistent with feldspars (a family of alkali-rich alumino-silicate minerals) seen in the spectrum of Io away from hot spots (28) , and (iii) the presence of a variety of landforms consistent with silica-rich volcanism (29) . The large-scale topography of Io derived from Voyager data (30) has been interpreted as due to variations in the thickness of a low-density crust (31), but Galileo limb profiles have not confirmed the existence of this large-scale topography (32) . The widely spaced mountains on Io could be due to low-density plutons (26) but suggest a relatively small volume of such differentiated material floating as isolated pods in a denser (and presumably more primitive) crust. If there is a differentiated crust, then the ultramafic volcanics should be concentrated in topographically low areas such as the calderas where the high-temperature hot spots are observed. It is difficult to explain how dense mantle melts could rise through a 50-km-thick low-density crust to reach the surface, but this has occurred on the Moon (22) . Support for a more primitive crust comes from the presence and ubiquity of probable magnesium-rich lavas reported here, which is evidence for mixing between the crust and mantle. However, it is hard to estimate the fraction of lava that may be erupting at lower temperatures, more consistent with differentiated lavas, because the cooling of the higher temperature eruptions inevitably creates a suite of lower temperature surfaces as well.
Analysis of six-color spectra of Io from SSI supports the hypothesis that lavas erupting on Io contain magnesium-rich pyroxenes. Orthopyroxene (enstatite-hypersthene solid solution) has an absorption band near 0.9 m in reflectance spectra (33) , provided there is at least a small amount of iron present. SSI has spectral filters with effective wavelengths of 0.76, 0.89, and 0.99 m, and the multispectral images reveal that, in the dark areas on Io, the reflectance is lower at 0.89 m than at 0.76 or 0.99 m (Fig. 4) . Because the dark areas correspond to sites of active or recently active high-temperature volcanism and because magnesium-rich pyroxenes are common in ultramafic rocks, the SSI spectra are consistent with our interpretation that the high-temperature hot spots are caused by the eruption of ultramafic lavas.
